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82. NEOGENE KINEMATICS IN THE JAPAN SEA REGION AND VOLCANIC ACTIVITY
OF THE NORTHEAST JAPAN ARC1

Laurent Jolivet2 and Kensaku Tamaki3

ABSTRACT

Deep sea drilling in the Japan Sea during ODP Legs 127 and 128 brought new constraints to the timing and dynamics of
backarc opening. The nature and age of the oceanic basement as well as the recovered lithology allow us to present new
reconstructions from 25 Ma to the present. On-land deformation data as well as the offshore crustal structure and timing of volcanic
events are the major constraints we use. The Japan Sea opened as a complex pull-apart basin in a dextral shear zone that extends
more than 2000 km from Central Japan to Northern Sakhalin. Oceanic crust was emplaced in the northern part of the Japan Basin,
and highly extended arc crust in the Tsushima and Yamato basins. Westward propagation of oceanic spreading was active in the
early Miocene. Our reconstructions give a minimum estimate for the finite dextral displacement of about 400 km. We observe
correlations between volcanic events and tectonic phases, and we explore the hypothesis that variations in the character of
volcanism during the Neogene in Northeast Japan can be due to changes in the tectonic status of the arc crust other than deep-seated
variations in the mantle: (1) starvation of the volcanic activity in the late Miocene (10-7 Ma) is correlated with a reorganization
of the stress field over the whole region from a dextral transtensional field during the Japan Sea opening to the present
compressional field, and this period of inversion did not allow the ascent of magma through the upper brittle crust; (2) correlation
is also seen between the formation of the incipient subduction zone at 1.8 Ma along the eastern margin of the Japan Sea and the
transition from acidic to andesitic volcanism in Northeast Japan. Compression between 7 and 2 Ma is associated with the formation
of large calderas and eruptions of acidic products, after which the present-day andesitic volcanism began at 2 Ma. During the
compressive period the magma could not easily make its way up to the surface and stayed longer in the deep crust, where it could
differentiate until the formation of a caldera. After localization of strain along the eastern margin of the Japan Sea and inception
of the new subduction zone, which partly released the stress across the arc, the ascent of magma became much easier and the
character of surface eruptions thus changed to less explosive. We also discuss the migration of the volcanic front through time
from 30 Ma to the present with respect to tectonic processes.

INTRODUCTION

Western Pacific marginal basins opened during the Tertiary, with the
largest of them (Japan Sea, Shikoku-Parece Vela Basin, and South China
Sea) during the late Oligocene to the middle Miocene. The opening of
these large basins, which are now extinct or in the process of closure, is
symptomatic of tensional conditions along the eastern margin of Asia
during the same period. Reconstructing their opening geometry is impor-
tant from two points of view. First, it can be a way of testing ideas on
opening because a given geometry is related with the thermal or sedimen-
tological evolution of a basin. It can then be used to assess stress and strain
boundary conditions that evolved with time during intracontinental de-
formation and block extrusion in Asia and thus to refine mechanical
models of continental collision and its consequences.

The Japan Sea (Fig. 1) opened during the early and middle
Miocene and a slow convergence began recently along the eastern
margin (Fukao and Furumoto, 1975; Nakamura, 1983; Tamaki and
Honza, 1985). The basin has thus already begun the second half of its
life and is about to disappear by subduction. It thus offers the
possibility for studying both the opening and closing mechanisms,
because the fairly recent inception of subduction left the structures
contemporaneous with opening almost undeformed.

Based on the results of ODP Legs 127 and 128 (Fig. 2), as well as
on-land field studies, we propose geometric reconstructions of the
opening and incipient closing of Japan Sea from 25 Ma to the present.
The drilling results constrain (1) the age of oceanic crust, (2) the rates
of subsidence vs. time at various sites, (3) the age of inception of
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active convergence along the eastern margin, and (4) the timing of
volcanic activity of the arc. Based principally on the frequency of ash
layers in the cores recovered during Legs 127 and 128 (Fig. 2) we see
correlations between tectonic stages and volcanic events at arc scale.
We explore then the hypothesis that variations in the character of
Neogene volcanism in Northeast Japan can be due to changes in the
tectonic status of the arc crust rather than deep-seated variations in
the mantle.

Our research in the Japan Sea was until recently focused mainly
on the apparent contradiction between the on-land paleomagnetic
data, which imply a very fast opening with rotation of Southwest
Japan (Otofuji et al., 1985), and on other studies, including ours,
which instead show a longer time span, considerable strike-slip
motion, and a pull-apart geometry (Lallemand and Jolivet, 1985;
Kimura and Tamaki, 1986). This contradiction was partly solved with
more sophisticated models that integrated the demonstrated rotations
in the framework of a strike-slip shear zone (Jolivet et al., 1991). But
the contradiction on the timing remained unsolved until the results of
ODP drilling in the Yamato and Japan basins. We are now able to
describe the tectonic evolution of the Japan Sea in terms of opening
kinematics and of volcanic activity.

GEOMETRICAL CONSTRAINTS

The geometry of our reconstructions is constrained by (1) the
internal bathymetric features and crustal structures of the Japan Sea
derived from geophysical studies (Tamaki, 1988), and (2) the defor-
mation mechanism along the eastern margin of the Japan Sea (Jolivet
et al., 1991) based on field data and small-scale physical modeling.

Crustal Structure

The Japan Sea is divided into three major deep basins: Japan,
Yamato, and Tsushima basins (Fig. 1). The crustal structure in the
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Figure 1. Tectonic map of the Japan Sea region showing the distribution of oceanic crust (dark) and continental blocks identified by Tamaki
(1988), modified after Jolivet et al. (1991). Sites 794 through 799 of Legs 127 and 128 are shown as well as Sites 436,438,440, and 584 of
previous DSDP legs. The position of the volcanic front at different periods is shown after Tatsumi et al. (1989) and Ohguchi et al. (1989). Ages
(Ma) of the volcanic front are indicated. BTL = Butsuzo Tectonic Line, HMT = Hidaka Main Thrust, HTSZ = Hidaka Tartary Shear Zone
(Lallemand and Jolivet, 1985), IBR = Izu-Bonin Ridge, ISTL = Itoigawa-Shizuoka Tectonic Line, KPR = Kyushu-Palau Ridge, KTL =
Kamishiyubetsu Tectonic Line (Kimura et al., 1983), kyb = Kita Yamato Bank, MTL - Median Tectonic Line, nkr = North Korean Ridge, ntb
= Nishi-Tsugaru Basin, obk = Oki Bank, ob = Okushiri Basin, or = Oki Ridge, ot = Oki Trough, TF = Tsushima Fault, TTL = Tanakura Tectonic
Line, skr=South Korean Ridge, st=Shiribeshi Trough, yb = Yamato Bank, YF = Yangsan Fault, ZR = Zenisu Ridge. Pb-Zn and Cu-W represent
the metallogenic belts offset by the Yangsan and Tsushima faults described in Sillitoe (1977). (1) continental crust, (2) thinned continental crust,
(3) oceanic crust and extremely thinned continental crust (ruled), (4) Miocene en-echelon grabens, (5) on-land thrusts, (6) fold axes, (7) active
offshore thrusts, (8) strike-slip faults, (9) normal faults, (10) Pacific plate subduction trench, (11) Philippine Sea plate subduction trench.
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Figure 2. Lithologic correlation among five sites drilled during Leg 127, after Tamaki, Pisciotto, Allan, et al. (1990) and Ingle, Suyehiro, von Breymann,
et al. (1990). The number of ash layers per core is shown on the right sides of the columns for Sites 794, 795, and 797.
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Japan Basin is identical to that of a normal oceanic crust overlain by
2000 to 3000 m of sediments. According to Ludwig et al. (1975), the
thickness of the crust without the sedimentary cover is 6-7 km. The
velocity structure also is similar to that of a normal oceanic crust. In
contrast, the crust in the Yamato Basin is twice as thick, while the
velocity structure is that of a normal oceanic crust with double the
thickness for each layer (Hirata et al., 1987; Katao, 1988).

Two models are possible in a first approach for the origin of the thick
crust in the Yamato Basin. It can first be due to an Iceland-like mantle
plume, where an anomalously large magma chamber at the spreading
center causes a thicker oceanic crust (Hirata et al., 1989). The second
model is that of an extended island arc crust. In our reconstructions we
adopt the latter model for the following reasons: (1) no magnetic anoma-
lies are observed in the Yamato Basin, which implies the absence of a
spreading center; and (2) the heat flow in the Yamato Basin is exactly as
expected, given the age of the lithosphere (Tamaki, Pisciotto, Allan, et
al., 1990), which does not support anomalous heat production caused by
a mantle plume during the opening.

There are no good data concerning the full crustal structure of the
Tsushima Basin. Ludwig et al. (1975) reported that none of the results
of three sonobuoy stations in the Tsushima Basin detected the refrac-
tion signal from the Moho, suggesting a rather thick crust. The
basement depth is 2 km shallower than that of the Japan Basin
according to their seismic-refraction results. Based on these observa-
tions we also assume here a thinned continental crust analogous to
that of the Yamato Basin. The westernmost part of the Japan Basin is
also floored by thinned continental crust because its basement depth
is shallow (Gnibidenko, 1979).

Magnetic anomalies are poorly defined in the Japan Sea as com-
pared to other backarc basins in the Western Pacific. Tamaki and
Kobayashi (1988), however, recently proposed a tentative identifica-
tion of the magnetic anomalies in the eastern part of the Japan Basin
based on a detailed survey. Anomalies 7A (27 Ma) to 5E (19 Ma) with
a N70°E trend were suggested by them (Tamaki, Pisciotto, Allan, et
al., 1990). These anomalies imply an early Miocene opening for the
Japan Basin. They recognized a fossil spreading center with the same
trend and with a possible southwestward propagation.

Isezaki and Uyeda (1973) noted linear magnetic anomalies with
an east-northeast trend north of the Yamato Rise, based on a compi-
lation of all data available at that time. This observation suggests that
the western part of the Japan Basin also has a history of seafloor
spreading. Magnetic anomalies were not clearly identified either in
the Yamato Basin or in the Tsushima Basin. The age of opening of the
Yamato and Tsushima basins was constrained until recently only by
heat-flow data that also suggested an early to middle Miocene age
(Tamaki, 1986). These dates were in conflict with those based on the
interpretation of paleomagnetic data acquired in on-land sedimentary
sections (Otofuji et al., 1985), which suggested instead a very fast
opening at about 15 Ma.

Strike-Slip Shear along the Eastern Margin

Jolivet and Miyashita (1985) and Jolivet and Huchon (1989)
described the high-temperature ductile deformation of the Hidaka
Shear Zone, which runs north-south across Hokkaido and was active
during the late Oligocene to middle Miocene as a dextral shear zone
(Figs. 1 and 3). A study of brittle structures was then completed along
the entire eastern margin from Rebun Island in the north to Noto
Peninsula and Yatsuo Basin in the south (Jolivet et al., 1991; M.
Fournier, unpub. data). The results confirm that the entire eastern
margin during the early and middle Miocene was a right-lateral
strike-slip shear zone with an evolution from transpression in the
north (Hidaka Shear Zone) to transtension in the south. Kimura and
Tamaki (1986) also assigned dextral strike-slip movement along
Central Hokkaido and Sakhalin from the Oligocene to the middle
Miocene. In the Hidaka Shear Zone the major structures are a dextral
ductile-shear zone with high-temperature deformation, and north-
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Figure 3. Tectonic map of the dextral strike-slip shear zone from Central Japan
to Northern Sakhalin. Key shows (1) oceanic crust, (2) Miocene filling of
en-echelon grabens, (3) direction of σ! in the early to middle Miocene, (4)
direction of σ2 in the early to middle Miocene, (5) strike-slip faults, (6) thrust
faults, and (7) normal faults. Dashed lines are fold axes.
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west-trending en-echelon folds and thrusts in the Cenozoic deposits.
Along the eastern margin major structures are en-echelon northeast-
trending narrow grabens separated by northwest-trending dextral transfer
faults (Fig. 3). Fault-set analysis following Angelier's (1984) method
reveals that from north to south the maximum horizontal compression
everywhere trends northeast (Fig. 3), although it changes from maximum
compression σj in the north to intermediate compression σ2 in the south,
illustrating the transition from transpression to transtension. After the
middle Miocene all structures are compatible with an east-west horizontal
compression and with active convergence. Recent uplift of the Hidaka
Shear Zone and folding of the Cenozoic deposits along the eastern
margin, as well as fast subsidence and formation of compressional
structures in the en-echelon basins initially formed during the extensional
period, are related to this recent stage.

Following Kimura et al. (1983), our survey begins in Sakhalin Island
along the northern extension of this shear zone (Fig. 3). The Hidaka Shear
Zone extends through Central Sakhalin, where the most prominent
structure is the Tym-Poronaisk Fault, which can be followed for more
than 600 km. Rozhdestvenskiy (1982, 1986) described it as a dextral
strike-slip fault as well as minor parallel north-south faults in the East
Sakhalin Mountains. Based on a field survey along several sections across
the Tym-Poronaisk Fault and East Sakhalin Mountains, as well as a study
of Landsat and Spot images (M. Fouraier, unpub. data), we confirm this
interpretation and propose the tectonic map shown in Figure 3. The major
features in favor of dextral motion are the following: (1) en-echelon
northwest-trending folds in the western half of Sakhalin in the Cretaceous
and Cenozoic deposits, and (2) north- to north-northeast-trending en-
echelon elongated Miocene basins associated with north-south faults in
the East Sakhalin Mountains. From the northernmost part of the island
(Schmidt Peninsula) Rozdestvenskiy (1982, 1986) describes dextral
offset along north-south-trending faults. Recent sediments (Pliocene and
Quaternary) are apparently not affected by this dextral shear and show
only tilting. However, some focal mechanisms of earthquakes (L. S.
Oscorbin, unpub. data) close to the Tym-Poronaisk Fault show active
dextral displacement. This and the fact that the east-west compression
that is so clear in the south along Hokkaido and Honshu is not clearly
recorded here lead us to think that dextral motion is still active in Sakhalin,
although most likely at much slower rates.

The synthesis of these observations leads us to infer the presence
of a 2000-km-long dextral shear zone along the eastern margin of the
Japan Sea from Yatsuo Basin (south of Noto Peninsula, Fig. 3) to
northern Sakhalin. This major feature was active during the opening
of the Japan Sea and implies a large north-south component for the
displacement of Japan relative to Asia. As stated earlier in Lallemand
and Jolivet (1985) and Jolivet et al. (1991), this north-south motion
is accommodated by dextral motion along the Yangsan and Tsushima
north-south-trending faults between South Korea and Japan (Fig. 1).
Sillitoe (1977) had described and quantified the dextral offset across
these faults to 200 km. There had thus been a southward drift of
Central and Southwest Japan during the Japan Sea opening between
two north-south dextral master faults, which is the geometry of a
pull-apart basin of unusually large extent. The motion of Northeast
Japan relative to Asia can be further constrained by the observation
that the transfer faults that separate the en-echelon grabens have a
changing orientation from north to south and fit very well in small
circles about a pole located west of Korea (Fig. 4) (Jolivet et al., 1991).
This is the pole we shall use in our reconstructions, thus assuming
that these faults are purely dextral faults.

In this paper we use the Tsushima and Yangsan faults as master
dextral faults that guide the pull-apart opening of the Japan Sea, but
there are evidences on Tsushima Island of sinistral motion at some-
time during the Tertiary. The age of the deformed sediments and of
the sinistral shear is disputed, however. The deformation postdates
the age of the sediments, which is not well established. Based on
fission-track dating, late Oligocene to early Miocene ages were found
(Takahashi and Hayashi, 1985). More recently, based on foraminifer
assemblages, Sakai and Nishi (1990) proposed a different age range,

Figure 4. Kinematic model used for reconstruction, shown by the small circles

about poles A and B, after Jolivet et al. (1991).

from the late Eocene to the early Oligocene. The best way of assessing
the age of the sinistral motion is probably the paleomagnetic results
shown by Ishikawa and Torii (1988). These authors infer a counter-
clockwise rotation of Tsushima Island of some 30° after the intrusion
of a 12 to 15 Ma granite. If counterclockwise rotation is linked with
left-lateral motion, it implies a rather recent displacement, most likely
after the Japan Sea opening.

Inside this large-scale framework we must take into account the
crustal structures described in Tamaki (1988) that imply pre-opening
positions for the crustal blocks, such as the Yamato Bank. It is possible
to close the Japan Basin by rotating the Yamato Bank back to a
position close to the Siberian margin with a good fit of bathymetric
curves (Fig. 4). For this purpose one must use a rotation pole located
in the Tsushima Strait close to the pole proposed by Otofuji et al.
(1985) for a clockwise rotation of Southwest Japan. Although the
timing of rotation proposed by Otofuji et al. is in disagreement with
the results of ODP drilling (discussed subsequently herein), the pole
they proposed is probably suitable. Other data confirm the clockwise
rotation of Southwest Japan, such as studies of the deformation
associated with the bending of Kyushu (Murata, 1987; Fabbri et al.,
1988). Paleomagnetic data in Northeast Japan also suggest counter-
clockwise rotations during the Japan Sea opening (Otofuji et al., 1985;
Tosha and Hamano, 1988). We showed (Jolivet et al., 1991) that such
a rotation is necessary to properly close the basin. We thus have a
large pull-apart basin opening inside a dextral shear zone, where
continental blocks rotate about vertical axes, which is now recognized
as classical for strike-slip tectonics.

NEW CONSTRAINTS ON BASIN EVOLUTION
BASED ON ODP RESULTS

Sedimentary Sequence Drilled during Legs 127 and 128

A complete sequence from lower Miocene to Quaternary was
recovered at four sites during Leg 127 (Figs. 1 and 2). Site 794 is
located at the center of the Yamato Basin, close to its junction with
the Japan Basin. Site 795 was drilled in the northernmost part of the
Japan Basin. Site 796 was drilled in the Japan Basin on top of the
Okushiri Ridge, which is in active uplift (Tamaki, 1988). Site 797 lies
along the northwestern margin of the Yamato Basin, and Site 799, in
the Kita-Yamato Trough. Good recovery was obtained at the five sites
(87% of mean recovery at Site 794). Precise biostratigraphic dates
were provided by abundant diatoms in the upper section and some
nannofossils farther down (Koizumi, this volume; Rahman, this vol-
ume). We thus have good control on the ages of the discrete ash layers
referred to later in this paper. The entire sequence is described in
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Tamaki, Pisciotto, Allan, et al. (1990) (Fig. 2). At Sites 794 and 797
it consists of the following:

1. 300 m of alternating basaltic sills and flows and lower to middle
Miocene volcaniclastic sandstones and siltstones, of which the basalts
were dated by radiometric methods (K/Ar and 39Ar/40Ar) at 20 to 16
Ma (Kaneoka, this volume; Pouclet, this volume);

2. 100 to 200 m of calcareous and phosphatic claystones of middle
Miocene age and thick "blue tuff (welded submarine dacitic tuff)
beds (up to 20 m);

3. 80 to 150 m of upper middle Miocene to lower upper Miocene
chert and siliceous clay;

4. 100 m of upper Miocene diatom clays;
5.100 to 150 m of uppermost Miocene to Pliocene diatom oozes; and
6. 80 to 100 m of Quaternary clays.

A dispersed ash component is present in the sediments throughout
the sequence, and discrete ash layers as well as consolidated tuff beds
(1 mm to 10 cm) are in some parts of the section. The last 2 Ma section
contains about 100 discrete ash layers, which is one layer for every
20,000 years. This shows that only very large eruptions are recorded
as discrete ash layers. Smaller eruptions (the most frequent) are
probably evident only in the dispersed ash component.

Timing of Tectonic Events

The occurrence of basalts and rapid deepening during the early
Miocene show that the opening of the Yamato Basin was already

active at about 20 Ma (Fig. 5). This contradicts the timing proposed
earlier by Otofuji et al. (1985). These authors made a direct relation
between the paleomagnetic rotations observed in Southwest Japan
and the opening of the Japan Sea, which would have opened, accord-
ing to their timing, within less than 1 Ma at about 15 Ma. The results
of ODP drilling are in good agreement with the time span proposed
by Tamaki (1988) and also with the rather old magnetic lineations
discovered in the northern Japan Basin by Tamaki and Kobayashi
(1988). This also fits the age of the "Proto-Japan Sea" determined by
Koizumi (1988) with early Miocene brackish water diatoms.

In the center of the Yamato Basin, seamounts are aligned parallel
to the trend of the basin. Dredged submarine basaltic volcanics were
dated at between 17 and 11 Ma (Kaneoka et al., 1990). Basalts
recovered during deep-sea dives along the Okushiri Ridge (Miyashita
et al., 1987) were dated to the middle Miocene. Basaltic volcanism
was also active along the eastern margin of the Japan Sea between 17
and 13 Ma (Daijima and Nishikurozawa Stages) when the Aosawa
basalts were erupted in a deep-sea environment (Tsuchiya, 1989,
1990). All these dates are in agreement with the ODP data. Ages of
oceanic basalts and of the oldest sediments deposited on top of them
range between 20 and 13 Ma.

A comparison can be made with the timing of tectonic events on
the margin. Rifting and block tilting along the eastern margin took
place during the early and middle Miocene (Suzuki, 1989; Yamaji,
1989, 1990; Amano and Sato, 1989). The stress field associated with
the dextral motion is recorded in Cenozoic sediments as young as
middle Miocene (Jolivet and Huchon, 1989; Jolivet et al., 1991).
Otsuki (1989,1990) reached similar conclusions based on the analysis
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Figure 5. Synthesis of the tectonic and volcanic events in Northeast Honshu, after (1) Jolivet and Huchon (1989), (2) Jolivet et al. (1990), (3) Nakamura and Uyeda
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of veins. Suzuki (1989), on the basis of a study of drilled holes in the
eastern Japan Sea, concluded that the formation of the "East Japan
Rift" system (north-northeast-south-southwest to north-south-trend-
ing en-echelon grabens; Fig. 3) was active until 12 Ma. Yamaji (1989,
1990) and Amano and Sato (1989) concluded that rifting and block
tilting in the area west of Tohoku occurred before 15 Ma.

It appears in conclusion that active spreading in the Yamato and
Japan basins, as well as extension along the eastern margin in a
strike-slip context, began during the early Miocene and lasted until
the end of the middle Miocene, and the total duration of the opening
was 5 to 10 Ma. The Japan Sea is not a simple oceanic basin with a
period of rifting followed by a period of spreading; instead, the
deformation of the margins ("rifting," block tilting) continued during
the spreading.

East-west compression was superimposed on this dextral transten-
sion; it is recorded in all rocks younger than the middle Miocene
(Yamagishi and Watanabe, 1986; Jolivet and Huchon, 1989; Jolivet
et al., 1991). It was earlier documented by the trend of dikes by
Nakamura and Uyeda (1980) andTakeuchi (1985) from 7 Ma to the
present. It was associated with a general uplift of Northeast Japan
(Sugi et al., 1983; Iijima et al., 1988). The analysis of subsidence rates
in and around the Japan Sea confirms this timing (Ingle, this volume).
Ingle showed that uplift started about everywhere 10 Ma and was
particularly active along the eastern margin. Only Site 794 shows no
uplift in the recent period and shows instead further subsidence. This
suggests that while the margins of the basin were being uplifted, the
center was subsiding. This can be the result of the onset of compres-
sion following a mechanism proposed by Cloething et al. (1985), who
described how variations in horizontal stresses in the lithosphere
interact with deflections of the lithosphere caused by sedimentary
loading. The zone of active thrusting is located at the hinge between
these two domains. Drilling at Site 796 resulted in the determination
of the age of uplift of the Okushiri Ridge at 1.8 Ma. This age is further
interpreted as the age of the beginning of thrusting and convergence
along the eastern margin (Tamaki, Pisciotto, Allan, et al., 1990).

In the north, in Sakhalin, dextral shear is probably still active, or,
if compression prevails as stated by Rozhdestvenskiy (1982, 1986),
it corresponds to a very slow convergence. In the Tsushima Strait, Jun
(1990) recently proposed new determinations of shallow-focus earth-
quake source mechanisms by the moment tensor inversion method.
Dextral motion with a compressional component is inferred along the
Tsushima Fault from his study. This is in agreement with the data
shown by Chen and Nabelek (1988) along north-south faults in the
Bohai Gulf region. This shows that the dextral shear which was active
during the opening is still going on inside the Asian continent far from
the subduction zone (see discussion at the end of this paper).

We can summarize the tectonic timing as follows (Fig. 5):

1. From the early to the middle Miocene, the Japan Sea was
actively opening as a pull-apart basin between two master dextral
faults. Block rotations about vertical axes occurred in the meantime.
Deformation was active along the margin and inside the arc during
the whole opening process. True oceanic crust was emplaced in the
Japan Basin, and thinned continental crust, highly intruded with
basaltic dikes and sills, formed in the Yamato Basin.

2. Opening stopped at the end of the middle Miocene. From the
late Miocene to 1.8 Ma, east-west horizontal compression was active.
The whole eastern margin was uplifted.

3. At 1.8 Ma, convergence was initiated along the eastern margin,
and normal faults reactivated as thrusts.

The analysis of correlations between these events and the mag-
matic evolution of the arc, using ash layers recovered in drill holes
from the Japan arc, allow us to further the precision of this timing and
to suggest links between varying stress conditions and volcanism.

Tectonic Timing and Paleomagnetic Rotations

The timing discussed above is partly in contradiction with the
timing of rotation based on paleomagnetic data. As discussed in
several papers (Otofuji and Matsuda, 1983,1984,1987; Otofuji et al.,
1985, 1991; Tosha and Hamano, 1988; Hayashida, 1986; Hayashida
et al., 1991), it is classically admitted that Northeast Japan underwent
a counterclockwise rotation and Southwest Japan a clockwise rotation
during the Japan Sea opening (Fig. 6). Otofuji et al. (1985, 1991)
proposed that both Southwest and Northeast Japan rotated at very
high rates about two poles located at either ends of the Japan arc at
about 15 Ma. Tosha and Hamano (1988) proposed instead that North-
east Japan underwent a slower rotation between 22 and 15 Ma. Figure
6 shows the mean values of declination for various sites in Northeast
and Southwest Japan after these authors. This figure shows indeed a
striking difference between Northeast and Southwest Japan. The
apparent rotation of Northeast Japan seems progressive, while that of
Southwest Japan seems instantaneous at 15 Ma. If one considers, like
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1317



L. JOLIVET, K. TAMAKI

Otofuji et al. (1985), a rigid-body rotation of Southwest Japan, one
has to admit a very fast opening of the Japan Sea around 15 Ma. The
question then is, where is the 15 Ma oceanic crust in the Japan Sea?
The results of Legs 127/128 clearly show that the Japan Sea was
already widely opened at 20 Ma. The possibility arises that this
oceanic crust exists in the western part of the Japan Basin, but
previous geophysical data (heat flow, magnetic anomalies) show that
the Japan Basin is probably as old as 20 to 25 Ma (Tamaki, 1988).
Taking the new ODP findings into account, Hayashida et al. (1991)
proposed that the opening was first accommodated by a parallel
motion of Southwest Japan and then by a fast rotation during the
opening of the Yamato Basin. This is unlikely, as we know that the
Yamato Basin is older than 15 Ma. The rate of rotation given by
paleomagnetic data also implies a very fast and unrealistic drifting
rate (60 cm/yr!) if Southwest Japan is considered a single block.

There might be at least two reasons for this discrepancy between
the timing of paleomagnetic rotation of Southwest Japan and that of
the opening:

1. Southwest Japan is not a single block, and rotations are only
local: Kanaori (1990) proposed that Southwest Japan can be divided
in several blocks which have rotated like dominos in a strike-slip
regime. In such a case there is no direct relation between the angle of
paleomagnetic rotation and the angle of rigid rotation of Southwest
Japan as a whole; it has thus no direct implications on the timing of
backarc opening.

2. The fission tracks and K-Ar ages of the rocks used for paleo-
magnetic measurements are incorrect. We have, however, no a priori
reason to disregard these ages.

Yet we have to make a choice for our reconstructions. Given that
clockwise rotation of Southwest Japan and counterclockwise rotation
of Northeast Japan are needed to take into account the crustal geome-
try of the Japan Sea, we conclude that:

1. Northeast Japan rotated counterclockwise progressively during
the Japan Sea opening about a pole located north of Hokkaido (25°
of rotation in our reconstructions).

2. Southwest Japan as a whole rotated more progressively than is
shown by paleomagnetic data during the opening about a pole located
in the Tsushima Strait (30° of total rotation in our reconstructions).
The remaining amount of rotation could have been accommodated by
local smaller block rotations.

Nature of the Crust and Tectonic Regime

One of the most important results of recent investigations, includ-
ing ODP drilling, is that true oceanic crust is restricted to a small part
of the backarc domain, in the northeastern part of the Japan Basin. As
discussed above, the Yamato and Tsushima basins are likely floored
with highly extended arc crust intruded by basaltic dikes. This confers
an asymmetric structure to the Japan Sea, with a wide extensional
margin to the south and a narrow strike-slip margin to the east (also
to the northwest) (Figs. 1 and 7). The narrow margin is in the backarc
region of the Pacific subduction, and the wide margin in that of the
Philippine Sea plate subduction at present. There might be two
reasons for this difference:

1. It can be due to different boundary conditions in the trench
region. The old Pacific plate subduction to the east and the young
Shikoku Basin lithosphere to the south with different slab geometries
led to different stress conditions in the backarc region and conse-
quently induced a different geometry of opening in the backarc
region. This hypothesis requires that the Pacific-Philippine-Eurasia
triple junction remained stable in its present position through most of
the Oligocene and Miocene. This question has been discussed in
several papers, and the authors proposed various possible reconstruc-

Figure 7. Simplified cartoon depicting the gross mechanism of Japan Sea
rifting and spreading, showing the wide extensional margin in the south and
the narrow strike-slip margin in the east, as well as the westward propagation
of the spreading center in the northern Japan Basin.

tions through the Tertiary. Except for Otsuki (1985), the authors
consider that the present triple junction was established through the
Miocene and that it migrated northward along the eastern margin of
Eurasia to its present position between 18 Ma (Seno, 1985b) to 15 Ma
(Jolivet et al., 1989; Taira et al., 1989; Charvet et al., 1990). This
solution agrees better with the tectonic evolution of Japan. Collision-
related structures in the triple junction region are recognized only for
the recent period (middle Miocene to present). The subduction of the
young lithosphere in the Nankai Trough and the configuration of the
triple junction presently induce compressional stresses in the Japan
arc instead of the extension required to open a backarc basin. Before
settlement of the triple junction near Central Japan, the easygoing
Pacific subduction was active under the whole Japan arc and induced
extensional stress conditions in the backarc region. The arrival of the
Philippine Sea plate, less easily subducted, might have progressively
stopped the Japan Sea opening. In this case the difference between
the two margins cannot be due to different boundary conditions. We
shall then suppose that the extensional conditions created by the
Pacific subduction were similar along all of the Japan arc (except in
the north at the latitude of Hokkaido and Sakhalin).

2. It can, instead, be due to the geometry of the dextral strike-slip
shear zone. Strike-slip deformation is usually more localized along
narrow shear zones than is extensional deformation. As shown in
Figure 7, one might thus expect more localized deformation along the
north-south-trending strike-slip margin than along the east-west-
trending extensional margin in the south. The westward propagation
of the Japan Basin spreading center described by Kobayashi et al.
(1986) fits well in this framework; the oceanic domain in the Japan
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Sea can be envisioned as a propagating crack near the end of the
strike-slip shear zone. The next question is the unusual width of the
extensional margin (about 400 km). Tamaki (1985) noticed that the
Japan Sea had a particular rifting behavior with several spreading
centers and distributed extension compared to other arcs, such as the
Bonin arc, where extension is localized in a single and narrow rift
system. The rifting of the Shikoku Basin also occurred along a single
narrow rift, as shown by a magnetic anomaly map (Chamot-Rooke et
al., 1987). The wider distribution of extension in the Japan Sea might
be (1) the result of a different thermal structure with a thicker ductile
crust that would distribute the strain in the upper brittle crust, or (2)
due to the presence of many preexisting faults that would have
weakened the arc crust. This question cannot be solved in this paper.

NEW CONSTRAINTS ON ARC VOLCANIC
ACTIVITY BASED ON ODP RESULTS

The control of magmatic activity by tectonic processes is still
poorly understood. Rapid variations in the character of volcanism in
a given area are usually linked by the authors to deep-seated changes
(in the mantle), which usually provide only few possible tests
(Tatsumi et al., 1989). Nakamura (1977) and Nakamura and Uyeda
(1980) stated that purely tensional and strike-slip stress regimes favor
the ascent of magma in the crust because in both cases the plane that
contains σj-σ2 (o{ > σ2 > σ3) is vertical, and dikes usually intrude
along this particular plane. In a typically compressional regime the
magma should be confined in sills and not extruded to the surface.
This led them to speculate that the active compressional field of
Northeast Japan is close to a strike-slip stress field because volcanic
activity coexists with thrusting. We show in the following sections
that temporal correlations exist between tectonic phases and volcanic
phases and propose that the variations observed from the volcanic
activity are controlled by deformation of the arc crust rather than by
deep-seated processes.

Two peaks of volcanic activity have long been recognized in the
Japan region (Sugimura et al., 1963) (Fig. 5): the late Oligocene-mid-
dle Miocene "green tuff' volcanism products are widespread in the
Japan Sea and Okhotsk Sea sides of the arc. The recent volcanic
activity began in the Pliocene. Between the two peaks, a relatively
calm period was intercalated, characterized by large eruptions of
subaqueous basalts (Aosawa Formation; Tsuchiya, 1989) or by a short
interruption of the volcanic activity.

Ash Layers Recovered during Legs 127 and 128

The discrete ash layers recovered by drilling in marine sediments
bring precise time constraints to the explosive volcanic activity along a
continuous sequence (Kennett et al., 1977). Cadet and Fujioka (1980)
and Fujioka et al. (1986), in studying the ash layers of Deep Sea Drilling
Project Legs 57 and 87 (Japan Trench), also recognized two periods of
activity with a recess in between (16-8 Ma). Fujioka (1986) concluded
that the first peak is broadly contemporaneous with the Japan Sea rifting,
and the second peak with the active compression.

The new data obtained at four sites in the Japan Sea during Legs 127
and 128 allow us to further determine precisely the duration of the
minimum activity between 10 and 7 Ma (Fig. 8). This period corresponds
precisely to the change of the stress field from dextral transtensional
during the Japan Sea opening to compressional as at present.

During the cruises, each discrete ash layer was described for depth
and thickness (the petrography and chemistry of the ashes are de-
scribed in Pouclet et al., this volume). The conversion from depth to
age was made using the dates determined from diatom and nannofos-
sil biostratigraphy (Tamaki, Pisciotto, Allan, et al., 1990) and linear
interpolations between these. On the cumulative curves of the number
of ash layers per core vs. age (Fig. 8) the steep parts denote strong
activity, and flat parts a relative calm. We prefer here to count the
number of ash layers rather than to measure their thickness. Thickness

Figure 8. Cumulative curves of the number of ash layers per core vs. age at

drill sites around Japan.

variations depend mainly upon the distance between the volcanic
center and the region where ashes are deposited, as well as on the
intensity of the eruption. It is not impossible that large eruptions
occurred during periods of overall low activity at the arc scale.
Variations in the number of ash layers per core denote variations in
the arc activity as a whole, taking into account all volcanoes of the
arc in a single diagram.

Differences visible between the sites can be partly explained by
differences in the recovery. We shall immediately eliminate Site 796 from
further discussion because it had the lowest recovery and poorer strati-
graphic control. Figure 9 shows a plot of the smoothed recovery as a
function of depth and age. A low in the recovery is always observed at
about 300 m, where the opal-A/opal-CT transition is encountered. At this
depth, opal-A is transformed into opal-CT, and cherty layers appear,
intercalated with unconsolidated sediments (Tamaki, Pisciotto, Allan, et
al., 1990), giving an alternation of different compacted layers that are
difficult to recover. The approximately constant depth of this diagenetic
transition over the whole basin could have strongly biased the data.
Fortunately, the sedimentation rates are very different at the four sites,
and the minima in the recovery do not correlate on a plot as a function of
age. Figure 9 shows that the minimum of volcanic activity described later
(7-10 Ma) is not correlated with the minimum in recovery on the plot as
a function of age. It is possible to correct the data for recovery by
multiplying the number of ash layers per core by 100 times the reciprocal
of the recovery, which changes the relative positions of the curves but not
their overall shape. Because we need to compare the data with those of
previous DSDP legs in the Japan region, for which we do not have the
recovery data, we shall consider in the following section the raw data
without correction for recovery and discuss only major variations.

The data show two maxima of explosive volcanic activity, as shown
previously by Fujioka (1986) and Cadet and Fujioka (1980). It is useful
to compare directly the data of all sites drilled around Japan.

Comparison with Results of Legs 57 and 87

DSDP Sites 436,438,439,440, and 584 were drilled on the Japan
Trench side of the arc at the latitude of Site 794 (Fig. 1). Figure 10
shows a comparison of Sites 794 and 438-439, which had the best
recoveries (87% and 63%, respectively). Data for Legs 57 and 87
were taken from Cadet and Fujioka (1980) and Fujioka et al. (1986)
and processed in the same way. It appears that the total number of ash
layers is roughly similar on either side of the arc. The striking
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Figure 9. Smoothed recovery as a function of depth and of age. Only the data
from above "basement" are shown plotted vs. age.

parallelism of the curves between 4 and 14 Ma further shows that
drilling on both sides recovered the same variations in the intensity
and that the Japan arc is the most likely candidate for these eruptions.

The disjunction of the curves for the Quaternary and Pliocene,
however, should be explained. In Figure 8 the nine sites noted in this
paper show two trends for recent periods: Sites 794,795,797, and 799
in the Japan Sea and Site 436 on the Pacific plate ("moving site")
(Fujioka, 1986) have a "fast" trend, whereas Sites 438, 440, and 584
on the inner wall of the Japan Trench show a "slow" trend. More
detailed studies are needed to conclude whether this is real or is an
artifact. How can this be explained if it is not due to a problem of
biostratigraphic scale? The only important differences between the
sites is that the "fast" sites are located in stable environments (deep,
flat basins), and the "slow" sites in unstable environments (steep slopes
and possible reworking of sediments). The important difference be-
tween Site 799 and other ODP sites is that at Site 799 logging data were
used to count ash layers in the nonrecovered intervals, which explains
why the largest number of ash layers was counted at this site.

Site 436 must be considered separately; as discussed previously
by Fujioka (1986) and Fujioka et al. (1986), this site has moved along
with the Pacific plate as it approached the Japan arc during the
Neogene at an average rate of 10 cm/yr. The ash layers recovered at
this site are thus significant for the evolution of the Japan arc only for
recent time. This may explain the particular behavior of Site 436
before 6 Ma; when other sites have rather flat cumulative curves, Site
436 has a regular positive slope that indicates a constant supply of
volcanic products that did not reach the fixed sites and thus did not
originate from the Japan arc.

Except for these restrictions, and if we consider only the first-order
variations, Figure 8 shows two periods of explosive volcanic activity:

Figure 10. Cumulative curves of the number of ash layers per core vs. age for
Sites 794 and 438.

0-7 and 10-20 Ma. Between these two peaks all curves are flat. We
record here a minimum of aerial explosive volcanism between 10 and
7 Ma. Also, the period 20-10 Ma is far less active than the recent one.

Artifact or True Minimum of Volcanic Activity

A minimum in the aerial explosive volcanic activity may have two
different causes: it is either a period of low volcanic activity or a
period of subaqueous activity if a large transgression occurs. A marine
incursion actually occurred in the Northeast Japan arc between 16 and
8Ma(Fig. 5), but its maximum was about 12-13 Ma and was followed
by a fast regression from 12 to 8 Ma (Usuta, 1989; Yahata, 1989;
Suzuki, 1989; Iijima et al., 1988). The minimum recorded in the ash
layers is thus offset by 2 or 3 Ma with respect to the marine transgres-
sion. We can further argue that although the present-day Bonin arc is
largely under water, aerial volcanic activity has occurred and been
recorded in the sediments as ash layers (Taylor, Fujioka, et al., 1990).

Furthermore, Usuta (1989) also described, on the basis of on-land
studies along a transect of the Japan arc at the latitude of Akita Prefecture,
a period of starvation of the volcanism between 13 and 8 Ma.

We consider in the following paragraphs that the volcanic activity
of the whole Northeast Japan arc has been starved during a short
interval between 10 and 7 Ma. The Neogene of Northeast Honshu is
classically divided into seven stages (Fig. 5): Monzen Stage (22-17.5
Ma) with andesites and high-alumina basalts, Daijima Stage (17.5-15
Ma) with dacites and rhyolites of calcalkaline affinity, Nishikurozawa
Stage (15-13 Ma) with calcalkaline aerial volcanism to the east and
submarine basalts to the west, Onnagawa Stage (13-8 Ma) of dacitic
and basaltic volcanism, Funakawa (8-4 Ma) and Kitaura Stages
(4-1.8 Ma) with dacites and granodiorites, and the Quaternary with
andesites (Fujioka, 1986). More recently, various authors (Usuta,
1989; Yahata, 1989; Ito et al., 1989) described the evolution of
Northeast Japan as follows: the volcanism started as early as 33 Ma
with on-land and subaqueous eruptions; between 22 and 19 Ma,
dacitic tuffs were widespread, followed by bimodal volcanism active
until 13 Ma; and, after an interruption between 13 and 8 Ma as
previously noted, the volcanism resumed with explosive acidic vol-
canism and the formation of large calderas until 2 Ma, when the
present-day andesitic activity took over.

The whole history of the arc is aerial except for the Daijima,
Nishikurozawa, and Onnagawa Stages, when marine transgression
occurred with a maximum at 12 Ma. The undersea basaltic eruptions
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of the Aosawa Formation occurred along the western coast of Honshu
around 15 Ma (Tsuchiya, 1989). Estimates of the volume of ejecta
show two maxima, with the largest between 20 and 25 Ma and a less
important one from 2 Ma to the present (Sugimura et al., 1963).

Correlation can then be made with the tectonic activity of the arc
and the timing of opening and closing of the backarc. Volcanism was
highly active during the rifting and spreading of the Japan Sea,
starting with aerial volcanism and ending with submarine eruption of
the Aosawa Formation at about 15 Ma. Volcanism was very active
also during the recent period when east-west compression prevailed,
starting with explosive acidic volcanism and the formation of calderas
from 7 to 2 Ma and andesitic volcanism in the Quaternary. We thus
have two correlations: (1) the minimum of volcanic activity recorded
in the drill holes is contemporaneous with a change of the stress
pattern in the arc from tensional to compressional, and (2) the forma-
tion of large calderas corresponds to the period when the arc was
under compression before the inception of the underthrusting zone
along the eastern margin, which must have partly released stress
across the arc.

RECONSTRUCTIONS FROM 25 MA TO THE
PRESENT

Taking into account the tectonic and volcanic timing discussed
previously, we describe reconstructions (Figs. 11 through 16) and
discuss their tectonic implications. We present our reconstructions of
the six stages from 25 Ma to the present. From the present stage (Fig.
11) the six Leg 127 and 128 sites are represented by large black dots,
for which we move back in time through the figures until the period
of the oldest rock encountered in each hole. For each given stage only
the structures that were active at this given period are shown, and only
the Japan Sea region is shown on these reconstructions. Reconstruc-
tion parameters are listed in Table 1, and the evolution is shown in
cross section in Figure 17. As shown in Figure 17, the contrasting
evolutions shaped the northern and southern parts of the Japan Sea.
The opening in the southern section was achieved mainly by crustal
extension rather than by oceanic spreading. The resulting topographic
expression is abundant continental fragments in the southern Japan
Sea and widespread oceanic crust in the north.

Present (Fig. 11)

Active convergence occurs along the eastern margin of the Japan
Sea. Normal faults are reactivated as thrust faults, and active uplift
occurs in the Hidaka Mountains. This convergent zone extends south-
ward in the Fossa Magna region along the Itoigawa-Shizuka Tectonic
Line. Turbidites are being deposited across the area. Andesitic vol-
canism is active in the Northeast Japan and Kuril arcs above the
Pacific subduction zone. The volcanic front has been fixed since 12
Ma. Pacific subduction proceeds at about 10 cm/yr northwestward.
Active erosion and gravity sliding affect the inner wall of the Japan
and Kuril trenches (Cadet et al., 1987). Slightly oblique convergence
under the Kuril arc (eastern Hokkaido) produces a right-lateral dis-
placement along the Kamishiyubetsu Tectonic Line in the volcanic
front region (Kimura, 1986). The Philippine Sea plate subducts below
Southwest Japan at about 4 cm/yr toward the northeast (Seno, 1977;
Huchon, 1985; Ranken et al., 1984). Collision with the Bonin arc is
active in Central Japan along the Kannawa Thrust. Active thrusting
affects the Philippine Sea oceanic crust and part of the Bonin arc crust
along the Zenisu Ridge and possibly south of the Zenisu Ridge
(Lallemant et al., 1989; Le Pichon et al., 1987). Progressive accretion
of the Bonin arc is in progress (Taira et al., 1989; Soh et al., 1991).
Oblique subduction in the Nankai Trench induces a dextral motion
along the Median Tectonic Line. Dextral motion is active in the
Tsushima Strait.

Figure 11. Present-day geodynamic situation in the Japan Sea region. VF =
volcanic front.

Late Pliocene-Early Quaternary (1.8 Ma) (Fig. 12)

During this stage a small amount of east-west convergence was
removed along the eastern margin of the Japan Sea. Because a
transition from slow dextral shear to east-west convergence is ob-
served between Hokkaido and Sakhalin, the Northeast Japan-Asia
rotation pole was placed there (47°N, 140°E). A slow motion of
0.447m.y. (0.6 cm/yr at 40°N, 140°E) was applied. The Philippine
Sea plate was rotated back about the pole proposed by Huchon (1985).
We assume that thrusting was already active along the Zenisu Ridge
but not south of the Zenisu Ridge. The general picture is similar to
that of the present except for one major point: this is the time of
initiation of convergence along the eastern margin, which partly
released the compressional stress across the arc, and of transition from
acidic to andesitic volcanism.

Middle Miocene (12 Ma) (Fig. 13)

The geometry in the Japan Sea is similar to that of the Pliocene-
Quaternary, as neither active convergence nor active opening has
occurred between these two stages. The probable east-west intra-arc
shortening initiated in the late Miocene is negligible, given the scale
of the reconstructions. Between these two stages, an important period
was at about 8-10 Ma, when the stress field in the Northeast Japan
arc changed from transtensional to compressional. This period has
seen a starvation of volcanic activity (see evolution in cross section
in Fig. 17). The onset of compression produced the uplift of the arc
and the Yamato Bank and subsidence of the basinal parts (Site 794)
close to the margin.

1321



L. JOLIVET, K. TAMAKI

Figure 12. Reconstruction at 1.8 Ma, Japan Sea region. Figure 13. Reconstruction at 12 Ma, Japan Sea region.

At 12 Ma, extension was still active only along the northeastern
margin but in its last stage. Basaltic volcanism produced a chain of
seamounts in the Yamato Basin. This evolution is similar to that of
the Shikoku Basin, where the Kinan Seamount Chain was formed
after cessation of spreading in the late stages of opening at the same
period. The Philippine Sea plate has been rotated back to the south
using parameters given in Jolivet et al. (1989). The geometry of the
Bonin arc at this period is unknown. We can say, however, that
collision was already active and that ophiolite was emplaced along
the collision zone (Mineoka ophiolite, Taira et al., 1989; Ogawa,
1983), although the exact timing is not precise. The volcanic front in
Northeast Japan had just reached its present position. The last incre-
ments of dextral motion along the eastern margin were completed.
En-echelon folds and thrusts formed in Hokkaido, and en-echelon
grabens formed along the eastern margin of the Japan Sea. Erosion
was active along the Pacific subduction zone and slowly reduced the
width of the Northeast Japan arc.

Late Early Miocene (15 Ma) (Fig. 14)

Blocks were rotated backward in order to subtract the opening that
occurred between 15 and 12 Ma. Northeast Japan was rotated about
a pole located at 38.5°N, 122°E, which fits the transfer faults along
the eastern margin (Jolivet et al., 1991). This north-south translation
is unlikely to be seen in the paleomagnetic data (the counterclockwise
rotation of Northeast Japan is accommodated in the next step at 20
Ma). Eastern Hokkaido was given the same rotation plus a component
of north-south displacement in order to accommodate the compres-
sional component along the northern part of the strike-slip shear zone.
Southwest Japan was rotated using the pole in the Tsushima Strait

(34°N, 129°E) to accommodate the clockwise rotation. Dextral mo-
tion was active along the Tsushima Strait, and the Pohang and Ulleung
basins were formed as pull-apart basins. In general, the direction of
opening was north-south along east-west-trending ridges. En-echelon
grabens were forming along the eastern margin of the Japan Sea, and
all of the Northeast Japan arc was under oblique extension. The
volcanic front in Northeast Japan was located eastward of its present
position and was moving westward in response to the shortening of
the arc due to tectonic erosion along the Japan Trench. Spreading was
active in the Shikoku Basin, which was subducted northward in the
proto-Nankai Trench. At about 15 Ma the Philippine-Eurasia-Pacific
triple junction was settled close to its present position.

Early Miocene (20 Ma) (Fig. 15)

The two basins (Japan and Yamato) appear narrower in the early
Miocene than in the previous stage. This is the period of maximum
spreading and extension in the arc. Only Sites 794, 797, and 799 are
shown. The arc is much wider and the volcanic front far eastward of its
present position due to tectonic erosion between 15 and 20 Ma. Dextral
motion was active along the eastern and western master faults, with a
transition from transpression to transtension from north to south. The
Philippine Sea plate is not shown because the triple junction was located
far southward (see Jolivet et al., 1989). The Pacific plate subducted under
the entire Japan arc and acted as a low-stress condition on the eastern side
of the dextral shear zone, thus creating the extensional condition neces-
sary for backarc opening (see following discussion). One can speculate
that the arrival of the Philippine Sea plate from 15 Ma might have
changed this boundary condition toward a more compressional one and
progressively stopped the opening.
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Figure 14. Reconstruction at 15 Ma, Japan Sea region. Figure 15. Reconstruction at 20 Ma, Japan Sea region.

Early Early Miocene (25 Ma) (Fig. 16)

This is approximately as far as we can go in the past at this scale,
given the present set of data. The Japan Sea was only an intraconti-
nental sea with brackish-water conditions. No oceanic spreading had
really begun at this stage. Japan was in its pre-opening position.
Southwest Japan was rotated back in order to accommodate both
clockwise rotation and dextral motion along the Tsushima Strait, and
Northeast Japan was rotated back in order to accommodate dextral
motion along the eastern margin of the Japan Sea and counterclock-
wise rotation. This gives a pre-opening reconstruction in which the
bent shape of the arc is not seen anymore. En-echelon grabens were
forming inside the dextral shear zone, which forms a single feature
from north to south. The first intrusions of oceanic crust were em-
placed near Site 797 between 25 and 20 Ma. Reducing the width of
the arc to subtract intra-arc extension brings the volcanic front west-
ward with respect to its position at 20 Ma.

DISCUSSION

Volcanism and Tectonics

Detailed analysis of individual volcanoes or dike systems provides
general insights into the way magma intrudes the upper brittle crust.
A study of the Inyo dike (Long Valley caldera, California; Reches and
Fink, 1988) suggests that intrusion is controlled by the active tectonic
stress field and ignores even large fractures not related to the present
tectonic activity. Evarts et al. (1987) and Weaver et al. (1987) showed
that the intrusion of magma at Mount St. Helens is tectonically
controlled by local crustal spreading in right-lateral offset along the
dextral St. Helens seismic zone. The ascent of magma is permitted by
a favorable fault geometry and stress field, which allow local exten-

sion in a strike-slip environment. These studies suggest that crustal
deformation is necessary to allow, or at least to favor, magma intrusion
in the upper crust. In the case of the Japan arc this suggests that during
the transition from extension to compression in the late Miocene the
arc was in a short quiet period with low strain that did not allow the
ascent of magma through the upper crust. One possibility is that,
during the transition from transtension to compression, the arc en-
compassed a period of isotropic stress conditions during which the
formation of cracks was not allowed.

Several papers describe the state of stress of an arc. Nakamura and
Uyeda (1980) explained the lateral stress field changes from compres-
sion in the trench to extension in the backarc region by keeping the
vertical stress constant and assuming that the horizontal stress trans-
mitted by the subducting plate through the subduction plane decreases
toward the backarc. Froidevaux and Isacks (1984) considered instead
the effect of topography, assuming a constant horizontal stress that
gets smaller than the vertical stress when high topographic relief
occurs. This second model explains well the extension in the high
plateau of the Andes and the rifting at the center of the Bonin arc,
where the topographic expression is at a maximum. Froidevaux et al.
(1988) further estimated the value of the stress transmitted from the
slab in arcs where extension occurs (Mariana type) and those where
compression prevails (Chilean type). Recently, Bott et al. (1989)
through finite-element modeling investigated the influence of me-
chanical coupling along the subduction contact and concluded that a
steeply dipping slab with a low coupling is likely to induce trench
suction as well as extension in the arc and backarc region, which
confirms the distinction between Mariana and Chilean type subduc-
tion zones by Uyeda and Kanamori (1979).

Following Froidevaux and Isacks (1984), one can assume that at
the center of the Northeast Japan arc the topography is high enough
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Figure 16. Reconstruction at 25 Ma, Japan Sea region.

so that σv = σ2, σH m a x = σ1? and σmin = σ3, thus leading to strike-slip
deformation for the recent period. One may further assume that before
the inception of underthrusting on the eastern margin of the Japan Sea
the horizontal compressional stress was higher than at present and that
a more compressive stress field consequently prevailed, thus decreas-
ing the possibility for the magma to reach the surface. The magma
had to stay longer in deep magma chambers, where it could differen-
tiate until the formation of a caldera.

These hypotheses might better explain the abrupt variations ob-
served in Northeast Japan in the stress field and volcanic activity than
changes in the upper mantle below the arc, given that (1) there was
no obvious change of either the direction or the rate of subduction of
the Pacific plate during the Neogene, which could explain the drastic
changes observed at about 8 Ma and at 1.8 Ma; and (2) there are no
obvious differences in the subducting plate north and south of the
Central Japan triple junction, where compression and extension,
respectively, occur at present in the Japan and Bonin arcs.

This suggests that the magmatic supply from deep-seated environ-
ments has been kept constant through time and that the variations
observed at the surface are most likely due to more superficial
changes, such as the tectonic status of the crust, as discussed pre-
viously. We voluntarily ignore possible deep-seated changes to ex-
plore the possibility that deformation of the arc crust triggered the
variations in the magmatic activity.

It is also necessary to look for an explanation for the migration of
the volcanic front from 30 Ma to the present. Ohguchi et al. (1989)
recently described the different positions of the volcanic front (Fig. 1)
during the Neogene. The front was located in the backarc side of
Northeast Japan in the late Oligocene, after which it migrated east-
ward to a new position close to DSDP Site 439 near the present-day
Japan Trench at 20 Ma. In Figure 1 only the positions at 30 and 20

Ma are shown, but the data described in Ohguchi et al. (1989) show
intermediate positions and a progressive eastward migration. The
front then moved westward until 10 Ma, when it reached its present
position. Tatsumi et al. (1989) explained these variations by changes
in the dip angle of the slab with time. One basic assumption of their
paper is that an asthenospheric injection at 30-23 Ma caused a
steepening of the slab and eastward migration of the volcanic front
(the successive positions of the volcanic front from 30 to 0 Ma are
shown in Fig. 1). The observations this assumption is based on are (1)
the larger width of the Oligocene volcanic arc compared to more
recent periods, and (2) the fact that no spreading or extension process
was active at this period in the backarc, which could explain point (1).
But we know that the Yamato Basin had already opened widely and
that rifting was active in the early Miocene. It is thus possible that the
greater width of the Oligocene volcanic arc is a consequence of the
Oligocene-Miocene extension and spreading rather than a sudden
steepening of the slab.

If one assumes (Fig. 18) that (1) the geometry of the slab has been
constant with time (constant dip angle), and (2) extension in the arc
region during the rifting between 30 and 20 Ma resulted in homoge-
neous stretching of the upper plate lithosphere, the distance D be-
tween the trench and the volcanic front, which is dependent only on
the slab dip angle, must be kept constant with time, and the distance
d between the volcanic fronts at 30 and 20 Ma is a function of D and
the extension coefficient ß. These simple assumptions lead to ß = 1.8
in the case of the Japan arc between 30 and 20 Ma for the region
located between the 30-Ma volcanic front and the present Japan
Trench, which is not unreasonable. The westward motion of the
volcanic front afterward could have been due to tectonic erosion (von
Huene and Cullotta, 1989; von Huene and Lallemand, 1990).

We reconstruct the evolution of volcanic activity in our reconstruc-
tions as follows (Figs. 17 and 18): The first period (30 Ma) corre-
sponds to the inception of rifting in the late Oligocene with the
production of a huge amount of volcanic products, the "green tuff'
period. During the second period (20 Ma) the opening progressed, a
part of the arc subsided, and basic volcanic activity progressively
shifted on the backarc side with the production of large basaltic
eruptions. Because the arc was also under extension, arc volcanism
was active. The extension and spreading in the upper plate and retreat
of the slab oceanward resulted in a migration of the arc sliver eastward
with respect to fixed Eurasia. Intra-arc extension resulted in the
eastward migration of the 30-Ma volcanic front and enlargement of
the 30-Ma volcanic zone. After a starvation of volcanism after the end
of opening and before the beginning of compression, the fourth stage
involved active compression across the whole arc, whereas the fifth
stage experienced convergence along the eastern margin. During the
recent stages, magma intruded along the highest topographic line,
where strike-slip conditions are met as discussed earlier. The ascent
of magma is difficult enough to explain differentiation and formation
of calderas between 8 and 2 Ma before the inception of convergence.
The change in volcanism at 2 Ma is linked to the decrease of σH m a x

and an easier ascent of magma. During this evolution, tectonic erosion
was active along the Japan Trench, which may explain the westward
migration of the volcanic front after 20 Ma and the abnormal position
of the 20-Ma volcanic front close to the present trench.

Tectonic Implications of Reconstructions

Although reconstruction is to be taken with caution because large
uncertainties remain concerning the timing and geometry, an impor-
tant consequence is the allowance of an approximate quantification
of the finite motion along the major dextral shear zone that runs from
Central Japan to Northern Sakhalin for about 2000 km. The latitudinal
difference between the position of Hokkaido at present and on our
25-Ma reconstruction is about 400 km (Fig. 19). As this offset does
not take into account the motion along the Hidaka Shear Zone, it is a
minimum value. However, we can speculate that once crustal thinning
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Table 1. Reconstruction poles from 25 Ma to the present (Eurasia fixed).

Age (Ma) 1.8 15 20

NEOGENE KINEMATICS, JAPAN SEA REGION

25

1 .Northeast Japan
2.Okhotsk plate
3.Central Japan
4.SW Honshu
5.Noto Peninsula
6.SW Japan

outer zones
7.Yamato Bank
δ.Kita Yamato Bank
9.South of Yamato
lO.Bonin Arc
11.Pacific
12.North Korean Ridge
13.South Korean ridge
14.Southem margin

of Tsuhima Basin
15.0ki Ridge

Lat. Long. Deg.
47.0N 140.0E +0.8
47.0N 140.0E +0.8
47.0N 140.0E +0.8

38.0N 142.0E +5.5
66.3N297.3E+7.7

Lat. Long. Deg.
38.5N 122.0E +5.0
35.7N113.6E +6.0
38.5N 122.0E +5.0
34.0N 129.0E +5.0
34.0N 129.0E +5.0

34.0N 129.0E +5.0
34.0N 129.0E +5.0
34.0N 129.0E +5.0
34.0N 129.0E +5.0

34.0N 129.0E +5.0
34.0N 129.0E +5.0

34.0N 129.0E +5.0
34.0N 129.0E +5.0

Lat. Long. Deg.
45.3N 144.7E -12.1
10.0N50.0E +1.0
45.7N 143.7E -12.6
34.0N 129.0E +75.0
38.5N 122.0E +10.0

34.0N 129.0E +75.0
34.0N 129.0E +6.0
34.0N 129.0E +6.0
34.0N 129.0E +6.0

34.0N 129.0E +2.0
34.0N 129.0E +3.0

38.5N 122.0E +70.0
38.5N 122.0E +70.0

Lat. Long. Deg.
47.5N 154.3E -70.4
10.0N 50.0E +2.0
47.5N 154.3E -70.4
38.5N 122.0E +70.0
46.4N 148.7E -72.2

38.5N 122.0E +70.0
34.0N 129.0E +72.0
34.0N 129.0E +70.0
34.0N 129.0E +72.0

34.0N 129.0E +4.0

34.0N129.0E +7.0
34.0N 129.0E +75.0

had begun along the eastern margin of the Japan Sea, the deformation
was preferentially localized there and this domain accommodated
most of the displacement. Four hundred kilometers of dextral dis-
placement thus seems a reasonable order of magnitude. This shows
that it is a major feature by both its length and its motion. When
considering the major faults that took part in the deformation process
of Asia during the Cenozoic, such a north-south-trending dextral fault
must be taken into account as much as the contribution of the large
east-west faults such as the Altyn-Tagh and Red River faults, which
accommodated at a maximum twice this value in left-lateral motion
(see Tapponnier et al, 1986; Jolivet et al., 1990). Only 150 to 200 km
of dextral offset is accounted for along the Tsushima and Yangsan
faults, with the difference accounted for by the clockwise rotation of
Southwest Japan.

To explain the occurrence of the stress-field change and the
volcanic starvation at 10-8 Ma, one must take into account all the
tectonic aspects of the evolution of Japan through the Neogene.
Kimura and Tamaki (1986) proposed that the Japan Sea opened as a
consequence of the collision of India and Asia. Based on the analo-
gous experiments of Cobbold and Davy (1988) and Davy and Cob-
bold (1988), we (Jolivet et al., 1990) reached a similar conclusion,
although with a different mechanism. We also showed that a dextral
transtension due to the collision was possible behind the Pacific
subduction zone, provided that it is a stress-free boundary. The low
coupling of a Mariana-type subduction provides this relatively stress-
free boundary condition. In this context the Japan Sea opened as a
right-lateral pull-apart compatible with block rotations about vertical
axes deduced from paleomagnetic investigations. During this period
of opening, the Philippine Sea plate was not in its present position but
far southward (Seno, 1985a; Jolivet et al., 1989), and a low mechani-
cal coupling prevailed along the whole of the Japan arc except in the
north, where transpressional dextral tectonics are observed (Kimura
et al., 1983; Yamagishi and Watanabe, 1986; Jolivet and Miyashita,
1985; Jolivet and Huchon, 1989) along the convergent North Amer-
ica-Eurasia plate boundary (Chapman and Solomon, 1976; Seno
1985b; Savostin et al., 1983; Jolivet, 1986), which departs from the
stress-free assumption. The end of the northward motion of the
Philippine Sea plate took place 12 to 15 Ma, when the Bonin arc first
collided with Central Japan. The subduction below Southwest Japan
of the young Shikoku Basin lithosphere and of the Palau-Kyushu and
Bonin ridges is far less easily explained than that of the Pacific plate.
This new situation might have stopped the southward migration of
the Japan arc along dextral transcurrent faults and also induced a more
compressional stress field. The eastern boundary thus became less
free, and the North America-Eurasia compressional deformation
zone propagated southward.
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Figure 17. Cross section of the evolution of the Japan Sea and Japan arc from 25 Ma to the present. Left: Northeast Japan. Right:
Southwest Japan.

1328



NEOGENE KINEMATICS, JAPAN SEA REGION

PRESENT

Asia

Inception of convergence

Yamato Rise

Inception of compression

Formation of oceanic crust

Extension of continental crust

= Tectonic erosion

Figure 17 (continued).
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Figure 18. Migration of the volcanic front from 30 Ma to the present. VF = volcanic front, T = trench, D = distance between volcanic front and trench, d = distance
between the 20- and 30-Ma volcanic fronts. During the rifting period, homogeneous stretching of the arc lithosphere is assumed. D is kept constant through time
because the slab geometry is supposedly constant.
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Figure 19. Comparison of the position of the Japan arc in the present and the
early Miocene, with estimation of the relative displacement along the major
strike-slip faults.
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